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Activity- or experience-dependent plasticity has been associated with the trafﬁcking
of calcium-permeable α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(CP-AMPARs) in a number of experimental systems. In some cases it has been shown
that CP-AMPARs are only transiently present and can be removed in an activity-dependent
manner. Here we test the hypothesis that the presence of CP-AMPARs confers instability
onto recently potentiated synapses. Previously we have shown that altered sensory input
(single-whisker experience; SWE) strengthens layer 4-2/3 excitatory synapses in mouse
primary somatosensory cortex, in part by the trafﬁcking of CP-AMPARs. Both in vivo
and in vitro, this potentiation is labile, and can be depressed by N-Methyl-D-aspartate
receptor (NMDAR)-activation. In the present study, the role of CP-AMPARs in conferring
this synaptic instability after in vivo potentiation was evaluated. We develop an assay
to depress the strength of individual layer 4-2/3 excitatory synapses after SWE, using a
strontium (Sr++)-replaced artiﬁcial cerebrospinal ﬂuid (ACSF) solution (Sr-depression). This
method allows disambiguation of changes in quantal amplitude (a post-synaptic measure)
from changes in event frequency (typically a presynaptic phenomenon). Presynaptic
stimulation paired with post-synaptic depolarization in Sr++ lead to a rapid and signiﬁcant
reduction in EPSC amplitude with no change in event frequency. Sr-depression at
recently potentiated synapses required NMDARs, but could still occur when CP-AMPARs
were not present. As a further dissociation between the presence of CP-AMPARs and
Sr-depression, CP-AMPARs could be detected in some cells from control, whisker-intact
animals, although Sr-depression was never observed. Taken together, our ﬁndings suggest
that CP-AMPARs are neither sufﬁcient nor necessary for synaptic depression after in vivo
plasticity in somatosensory cortex. This article is part of a Special Issue entitled “Calcium
permeable AMPARs in synaptic plasticity and disease.”
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INTRODUCTION
The activity-dependent trafﬁcking of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR)-type gluta-
mate receptors to enhance synaptic strength has been observed
in many experimental preparations (Shi et al., 1999; Takahashi
et al., 2003; Rumpel et al., 2005; Bellone and Luscher, 2006; Clem
and Barth, 2006; Plant et al., 2006; Sutton et al., 2006; Clem and
Huganir, 2010; Lante et al., 2011). AMPARs are tetrameric recep-
tors, the vast majority of which contain an RNA-edited form of
the GluA2 subunit that renders the complex impermeable to cal-
cium (calcium-impermeable AMPARs; CI-AMPARS). However,
under some circumstances, it has been possible to detect the pres-
ence of calcium-permeable AMPARs (CP-AMPARs) at synapses,
based upon their unique electrophysiological and pharmacologi-
cal properties (Man, 2011). These receptors typically lack GluA2,
and may be homomers of GluA1. The novel subunit composition
of these receptors, as well as their unusual calcium-permeability,
has made these receptors the source of great interest in under-
standing the mechanisms that modulate synaptic function in
health and disease (Liu and Zukin, 2007 and Isaac et al., 2007).
For example, it has been hypothesized that CP-AMPARS can
provide a non-contingent source of Ca++ entry that might reg-
ulate excitotoxicity or subsequent plasticity (Deng et al., 2003;
Wiltgen et al., 2010).
In a number of cases, the trafﬁcking of native CP-AMPARs
has been associated with recent synaptic potentiation (Bellone
and Luscher, 2006; Clem and Barth, 2006; Plant et al., 2006;
Clem and Huganir, 2010), suggesting that these receptors may
play an important role in the initiation or maturation of synap-
tic plasticity. For example, the presence of CP-AMPARs can be
detected after altered sensory experience at layer 4-2/3 synapses
in somatosensory cortex (Clem and Barth, 2006), as well as
in the amygdala after fear conditioning (Clem and Huganir,
2010). However, other reports indicate that the trafﬁcking of
CP-AMPARs does not occur during in vitro plasticity induction
(Adesnik and Nicoll, 2007; Gray et al., 2007). Thus, the require-
ment for CP-AMPARs in synaptic potentiation and depression is
the center of debate.
A model that has some experimental support is that CP-
AMPARs are speciﬁcally responsible for rapid and early, but
not long-term, changes in synaptic strength. They may serve as
“placeholders” for eventual substitution by CI-AMPARs (Plant
Frontiers in Molecular Neuroscience www.frontiersin.org February 2012 | Volume 5 | Article 15 | 1
MOLECULAR NEUROSCIENCEWen and Barth CP-AMPARs and synaptic depression
et al., 2006; Clem and Huganir, 2010; Yang et al., 2010), or might
provide a substrate to rapidly retune synaptic strength to main-
tain some dynamic range of synaptic drive (Thiagarajan et al.,
2005; Sutton et al., 2006; Hou et al., 2008). Indeed, a number
of reports indicate that the removal of CP-AMPARs can be trig-
gered by synaptic stimulation or in vivo activation, leading to
synaptic depression (Bellone and Luscher, 2006; Ho et al., 2007;
Clem and Huganir, 2010; Yang et al., 2010; Lante et al., 2011).
Taken together, these data suggest that CP-AMPARs might serve
as an intermediate step in synaptic modiﬁcations, where their
persistence or removal can determine how long-lasting synaptic
strength may be.
The addition of CP-AMPARs to layer 4-2/3 synapses dur-
ing experience-dependent plasticity in somatosensory cortex has
been well-established (Clem and Barth, 2006; Clem et al., 2008;
Wen and Barth, 2011). However, increasing evidence indicates
that they are not required for this form of plasticity, since synap-
tic strengthening can be observed without CP-AMPARS, either at
laterdevelopmentalagesorintransgenic micethataremutantfor
the GluA2 trafﬁcking molecule PICK-1(Clem et al., 2010; Wen
and Barth, 2011). Despite the fact that they are not required,
their presence might nonetheless confer speciﬁc properties onto
recently strengthened synapses, such as the ability to erase prior
modiﬁcations. This has been proposed from previous work, and
has important therapeutic implications for reducing pathologi-
cal changes in synaptic strength in addiction, seizure disorders,
or anxiety disorders (Bellone and Luscher, 2006; Rakhade et al.,
2008; Clem and Huganir, 2010).
Here we test the hypothesis that CP-AMPARs are associ-
ated with synaptic lability, whereby recently modiﬁed synapses
might be susceptible to synaptic weakening due to the removal
of CP-AMPARs. Previous work from our lab has established that
plasticity at excitatory layer 4-2/3 synapses undergoes an early,
N-Methyl-D-aspartate (NMDAR)-dependent phase of synaptic
strengthening, followed by a later, NMDAR-dependent phase
of synaptic weakening (Clem et al., 2008). We show that this
NMDAR-dependent depression can be triggered at individual
synaptic contacts in vitro, using a novel protocol that triggers a
reduction of AMPAR-EPSCs by pairing post-synaptic depolar-
ization with presynaptic stimulation in a Sr++ based artiﬁcial
cerebrospinal ﬂuid (ACSF) solution.
This form of synaptic depression only occurs at previ-
ously potentiated synapses from animals with altered whisker
input, requires NMDAR-activation, and can occur in cells where
CP-AMPARs are undetectable or have been pharmacologically
blocked. Further dissociating a role for CP-AMPARs in this phe-
nomenon, Sr-depression was never observed in control, whisker-
intact animals although CP-AMPARs could be detected at layer
4-2/3 synapses insomecells. Thus, weconcludethatCP-AMPARs
do not necessarily confer synaptic lability at layer 4-2/3 synapses,
and that they are not essential for the induction or expression of
synaptic depression in this assay.
METHODS
ANIMALS
Wild-type or heterozygous mice (males and females) from a fos-
GFP[1–3line,C57Bl6background(Barthetal.,2004)]transgenic
line at postnatal days 13 or 14 (P13–14) were used. Bilateral
whisker deprivation was performed where all but the D1 whisker
on one side were removed (Glazewski et al., 2007). Animals were
returned to their home cages for 24h before recording. Control
animals were whisker-intact littermates of the deprived animals.
Since there was no signiﬁcant difference between control wild-
type C57Bl6 and fosGFP+/−, data from these animals were
grouped. Recordings in control animals were not restricted to the
D1 barrel column, since all columns were equivalent in whisker-
intact animals. The barrel column representing the “spared”
D1 whisker was identiﬁed by enhanced fosGFP expression and
relative position to the hippocampus in acute brain slices.
WHOLE-CELL RECORDING
Animals were anesthetized with isoﬂurane and decapitated.
Coronal slices (350μm thick) were vibratome sectioned in ACSF
at 2–6◦C composed of (mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2,
1–1.3 MgSO4,1N a H 2PO4, 26.2 NaHCO3,1 1g l u c o s ea n de q u i -
librated with 95/5% O2/CO2. Slices were maintained and whole-
cell recordings were carried out at room temperature in ACSF.
In all experiments, post-synaptic glutamatergic responses from
layer 2/3 pyramidal neurons within the same barrel column were
pharmacologically isolated using the GABAA antagonist picro-
toxin (Ptx; 50μM) in the bath solution.Somata of lowerlayer2/3
pyramidal neurons in barrel cortex were targeted for whole-cell
recording with borosilicate glass electrodes with a resistance of
4–8M . Electrode internal solution was composed of (in mM):
130 cesium-gluconate, 10 HEPES, 0.5 EGTA, 8 NaCl, 4Mg-ATP
and 0.4 Na-GTP, 5 QX-314, at pH 7.25–7.30, 290–300 mOsm
and contained trace amounts of the ﬂuorescent dye Alexa-568.
Pyramidal cell identity was conﬁrmed after the recording session
by pyramidal soma morphology and the presence of dendritic
spines. Only cells with Rseries ≤ 20M  and Rinput ≥ 200M ,
where changes in either measurement were less than 20% were
included for analysis.
Stimulationoflayer4afferentswasappliedat0.1Hzbyplacing
glass monopolar electrodes in the center of a layer 4 barrel, and
stimulation intensity wasadjusted to isolate monosynaptic EPSCs
without recurrent activity. Electrophysiological data wasacquired
by Multiclamp 700A (Axon Instruments, Foster City, CA) and a
National Instruments acquisition interface. The data was ﬁltered
at 3kHz and digitized at 10kHz and collected by Igor Pro 6.0
(Wavemetrics, Lake Oswego, Oregon). Extracellular simulation
was controlled by a Master-8 (A.M.P.I, Israel).
DEPRESSION OF EVOKED Sr-EPSCs
Tomeasuretheamplitudeofstimulus-evokedminiatureAMPAR-
EPSCs, Sr++ (3mM) was substituted for Ca++ in ACSF to
drive asynchronous glutamate release. Layer 2/3 pyramidal neu-
rons were voltage-clamped at −70mV, where the contribution
of NMDARs to the EPSC is minimal. This was experimentally
veriﬁed with ACSF containing 0.5mM Mg++,w h e r et h em e a n
Sr-EPSCamplitudewasnotalteredbybathapplicationofD-APV.
To induce synaptic depression of Sr-EPSCs, layer 2/3 pyramidal
neurons were voltage-clamped at −70mV for ≥5min (baseline
response), then to −20mV for 5min, returning to −70mV hold-
ingpotential (post-response). Stimulationfrequency(0.1Hz)and
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intensity were not altered during the experiment, which allowed
a comparison of event frequency before and after pairing.
The evoked response has an initial synchronous component
(∼50ms post the stimulus artifact) which was excluded in the
analysis. Isolated, asynchronous events that occurred from 50 to
500ms after the stimulus were manually selected and analyzed
using Minianalysis software (Synaptosoft, Inc. Decatur, GA). The
detection threshold for events was set at 2× RMS noise (usu-
ally around 4–5pA) and data were ﬁltered with a low-pass ﬁlter
at 1kHz. Approximately 50–100 events were randomly selected
from the pre- and post-response and then grouped to gener-
ate average traces. Within-cell comparisons were made between
the events from the baseline and post-responses for each cell.
An average trace was generated from grouping 50–100 random
events from each cell. Selected events were grouped across all cells
within an experimental condition and rankedorderedto generate
cumulative distribution plots.
Decay time of individual Sr-EPSC was analyzed online as the
d i f f e r e n c eb e t w e e nt h et i m ea tt h ep e a ka n d1 / 3o ft h ep e a ka n d
the mean decay time was obtained by averagingall selected events
from all cells within a group.
AMPA EPSC MEASUREMENT AND RECTIFICATION INDEX (RI)
Toisolate themultiquantalAMPAR- EPSCs, D-APV(50μM)and
Ptx were included in the bath solution. Spermine (100μM) was
included in the internal solution to avoid washoutof endogenous
polyamines. Layer 2/3 pyramidal neurons were voltage-clamped
at −70mV and stimulus intensity was adjusted until a clear
monosynaptic response (2–5ms latency, consistent across trials
for a given response) was visible for every sweep. For holding
potentialsat−70,0,40mV,10–20sweepswerecollected andaver-
aged. The rectiﬁcation index (RI) was calculated based on the
following formula:
RI = abs(I+40 − I0)/abs(I−70 − I0)
I−70, I+40,a n dI0 refer to the peak amplitude of the averaged
responses for a given cell. If there is no rectiﬁcation at positive
holdingpotentials orthe current-voltagerelationshipislinear,the
RI in these measurements should be 4/7 (0.57).
NASPM/PhTx APPLICATION
1-Naphthylacetyl sperminetrihydrochloride (NASPM,50μM)or
Philanthotoxin (PhTx, 10uM) were applied in the bath (contain-
ing D-APV)to assaythe contribution ofCP-AMPARs.Antagonist
was applied for at least 10min while the cell was being held at
−70mV, and the amplitude of the post-drug response was cal-
culated by averaging 10–20 sweeps immediately prior to drug
application versus 10min after the onset of application. Because
NASPM/PhTx is hard to wash out, data from only one cell per
slice was collected. In some cases, AMPA-EPSCs increased in
amplitude after NASPM application; data from these cells was
included in our analysis.
Toverifythe reliabilityofusing NASPMto blockCP-AMPARs,
the RI before and after NASPM application (10min after wash-
in) was compared. Synaptic responses from recurrent excitatory
synapses onto layer 5 pyramidal cells of young postnatal C57Bl6
mice (P9–11) were obtained by stimulating layer 5. Consistent
with the ﬁnding that CP-AMPARs are highly expressed around
this developmental age in layer 5 (Brill and Huguenard, 2008),
we observed that some AMPAR-EPSCs were rectifying. EPSC
amplitude and RI before and after NASPM application was
determined.
The effect of NASPM on Sr-EPSC amplitude was also evalu-
ated. For within-cell comparisons, Sr-EPSCs were collected for
∼5min before wash-in of NASPM-containing Sr-ACSF. Only
one cell per slice was included for such NASPM wash-in exper-
iments. For across cell comparisons of Sr-EPSC amplitude, slices
were bathed in NASPM-containing ACSF for at 20–120min with
afferent stimulation before analysis of Sr-EPSC amplitude.
In experiments where the requirement of CP-AMPARs in Sr-
depression was tested, slices were bathed in NASPM-containing
ACSF for 20–120min with some afferent stimulation before
recordings to allow complete drug diffusion and blockade of
CP-AMPARs.
WITHIN-CELL RECORDING OF RI AND Sr-DEPRESSION
To more accurately explore the necessity of CP-AMPARs in Sr-
depression, the RI was examined and then Sr-depression was
induced in the same cell. In these experiments, AMPA-EPSCs
were recorded at −70, 0, and +40mV in Ca++ based ACSF, then
aS r ++ based ACSF waswashed inand Sr-depressionwasinduced
as described above. In a subset of cells, the Sr-based ACSF was
washed out after the Sr-depression protocol, and Ca-ACSF was
reapplied to obtain a second, post-depression RI measurement.
Statistics
Speciﬁc statistical tests used are indicated in the results. For Sr-
EPSC amplitude comparisons before and after Sr-depression or
NASPM treatment within the same cell and all other non-pair
wise comparisons between two conditions (control vs. SWE),
a non-parametric Mann–Whitney U-test (two-tailed) was used.
For Sr-EPSC event frequency comparisons before and after Sr-
depression, NASPM treatment in control and SWE conditions,
and RI comparisons within the same cell before and after some
manipulation, a paired t-test was used. For comparisons of dis-
tribution of Sr-EPSC amplitude before and after pairing for Sr-
depression experiments, a Kolmogorov–Smirnov test was used.
Summary data are presented as mean ± sem.
RESULTS
Previous work has shown that modiﬁed whisker input, where all
but a single-whisker (single-whisker experience; SWE) has been
removed from one side of the mouse face, leads to the potentia-
tion of synapses at layer 4-layer 2/3 excitatory inputs in the neo-
cortical representation of the spared whisker. This potentiation
c a nb ea c c o m p a n i e db ya ni n c r e a s ei np r e s e n c eo fC P - A M P A R s ,
determined by their electrophysiological and pharmacological
properties. The trafﬁcking of CP-AMPARs is associated with age
and input identity, where they are not implicated for plasticity
induced at later developmental ages (when SWE begins at P13 or
older ages)or at layer2/3-layer 2/3 inputs (Wen and Barth, 2011).
Assays to demonstrate the experience-dependent increase in
excitatory synaptic strength have relied upon a method to isolate
the post-synaptic response in a pathway-speciﬁc manner, using
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an ACSF where Sr++ replaces Ca++. Under these conditions,
neurotransmitter release is triggered by electrical stimulation to
a speciﬁc input, but vesicle release is slowed such that the post-
synaptic response to individual quanta can be evaluated (Goda
and Stevens, 1994; Xu-Friedman and Regehr, 1999). In previ-
ous analyses (Clem and Barth, 2006; Clem et al., 2008, 2010;
Wen and Barth, 2011), the AMPAR-EPSC was pharmacologically
isolated from NMDAR currents by the application of D-APV.
However, during the course of our investigations, we discovered
that when both NMDAR- and AMPAR-mediated currents were
present, there was sometimes a voltage-dependent run-down in
the amplitude of average Sr-EPSC for a given cell. This run-down
was only present at layer 4-2/3 synapses from SWE-treated ani-
mals,suggesting that itmight be related to the recent potentiation
at these synapses.
Sr-DEPRESSION IS INDUCED BY A MODEST POST-SYNAPTIC
DEPOLARIZATION
We formalized a method to examine this synaptic lability, named
Sr-depression, by comparing mean Sr-EPSC amplitude before
and after post-synaptic depolarization. We use the term Sr-
depression to indicate speciﬁcally that this depression was not
what has typically been considered “short-term depression” in
other studies, since its onset is immediate and it is stable for
many minutes following pairing. Experiments were carried out
in acute brain slices from SWE-treated animals at postnatal
day 13 (P13), a time when experience-dependent plasticity is
pronounced (Figures1A,B; Wen and Barth, 2011). Typically, Sr-
EPSCamplitudefroma givencell wascalculated fromthe average
of a 50–100 individual, well-isolated events (Figure1C). The
mean amplitude of these events was constant over the record-
ing period when the post-synaptic cell is maintained at hyper-
polarized holding potentials. Sr-EPSCs are primarily mediated
by AMPARs, since application of NMDAR-antagonists does not
change Sr-EPSC amplitude at hyperpolarized potentials when
NMDARs exhibit a characteristic Mg-dependent voltage block.
Depolarization of the post-synaptic cell (−20mV, 5min,
0.1Hz) leads to a rapid, change in Sr-EPSC amplitude
(Figure1D), without any change in event frequency between the
baseline and post-pairing period (Figure1E, before frequency
2.85 ± 0.35, vs. after 2.63 ± 0.21, n = 8 cells, p = 0.65 by paired
t-test). Since stimulation strength is not altered during the exper-
iment, and since individual Sr-EPSCs are thought to represent
individualrelease eventsatdistinct synapticcontacts, these results
indicate that this depressionis likelyto be post-synaptic in origin.
Because statistical comparisons were carried out for a large
number of events before and after pairing, this method was
very sensitive to small changes in Sr-EPSC amplitude. In tissue
from SWE animals, 16/20 (Figures1G and 8A) cells showed a
s i g n i ﬁ c a n tr e d u c t i o ni nS r - E P S Ca m p l i t u d e ,w i t ham e a nd e p r e s -
sion of ∼20% (Figures1F,G and 7; average of 16 cells 20 ± 2%;
p value range for individual cells 0.025–0.00002 for baseline vs.
post-pairing window by Mann–Whitney U-test). A cumulative
distribution histogram for all cells from the spared barrel col-
umn showed a highly signiﬁcant reduction in event amplitude in
the post-pairing window (Figure1H;K o l m o g o r o v – S m i r n o vt e s t
p < 0.00001, n = 10 cells).
In control animals, 0/7 cells showed a change in Sr-EPSC
amplitude after pairing, (p value range for individual cells
0.19–0.89 for baseline vs. post-pairing window; Figures2A–E).
Depolarization did not change event frequency in the post-
pairing window (Figure2C). An absence of synaptic depression
was conﬁrmed by analysis of a cumulative distribution histogram
of Sr-EPSCs from control cells, where depolarization failed to
trigger any shift in event distribution (Figure2F,K o l m o g o r o v –
Smirnov test p = 0.715, n = 7 cells).
REQUIREMENTS FOR Sr-DEPRESSION
Many forms of synaptic depression, including depolarization-
induced plasticity at layer 4-2/3 synapses in the spared barrel
column (Clem et al.,2008), requireNMDAR-activation. Todeter-
mine whether Sr-depression requires NMDARs, we examined
whether bath application of the NMDAR-antagonist D-APV was
sufﬁcient to block depression in cells from SWE-treated animals.
I nt h ep r e s e n c eo fD - A P V ,0 / 5c e l l ss h o w e das i gn i ﬁ c a n tr e d u c t i o n
in Sr-EPSC amplitude after pairing (Figures3A,B, p value range
0.11–0.65, baseline vs. post-pairing window by Mann–Whitney
U-test). Analysis of a cumulative distribution histogram of Sr-
EPSCeventsfromallcellsbeforeandafterpairinginSr++ showed
a small, but still signiﬁcant reduction in amplitude (Figure3B;
Kolmogorov–Smirnovtest p = 0.021 for baselinevs. post-pairing
window; note comparison from Figure1H where p < 0.00001).
We also found that a more modest depolarization to −40mV
was sufﬁcient to block Sr-depression in most cells (Figure3C;
4/6 did not show signiﬁcant depression, within-cell p value
range 0.14–0.73 for baseline vs. post-pairing window by Mann–
Whitney U-test), consistent with a role for NMDAR-activation
which remains partially blocked at this holding potential. As
above, the cumulative distribution of Sr-EPSC event amplitudes
showed a small shift following pairing at −40mV (Figure3D;
Kolmogorov–Smirnov test p = 0.01 for baseline vs. post-pairing
window). Thus, Sr-depression requires post-synaptic depolariza-
tion and NMDAR activation. Based on the small but statistically
signiﬁcant reduction in Sr-EPSC amplitudes shown in the cumu-
lative distribution histograms, there may be additional pathways
that are involved in this depression.
THE ROLE OF CP-AMPARs IN Sr-DEPRESSION
Previous work from our lab has shown that CP-AMPARs are
trafﬁcked to layer 4-2/3 synapses after SWE. Because other inves-
tigations have found that these receptors can be highly labile at
the synapse, we hypothesized that the rapid depression observed
mightbeduetothe NMDAR-dependentremovalofCP-AMPARs.
Previous Sr-depression experiments were carried out in tissue
from P13 animals, since CP-AMPARs have been detected after
SWE at this age (Wen and Barth, 2011). Consistent with our
previous ﬁndings, we observed signiﬁcant rectiﬁcation of phar-
macologically isolated AMPAR-EPSCs after SWE at this age
(Figures 4A,B; Control RI 0.57 ± 0.06 n = 14 cells vs. SWE RI
0.42 ± 0.04 n = 10 cells, Mann–Whitney U-test p = 0.03). To
calculate the RI, EPSC amplitude was recorded at −70, 0, and
+40mV (see Methods). Cells with an RI smaller than 0.57 were
classiﬁedasrectifying, andthosewithanRIequaltoorlargerthan
0.57 were classiﬁed as non-rectifying.
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FIGURE 1 | Sr-depression can be elicited at layer 4-2/3 synapses from
SWE-treated mice. (A) Schematic of an SWE animal (top) and recording
conﬁguration in the spared barrel column (bottom). (B) Fluorescence image
of a slice that contains the spared barrel column, visualized by expression of
GFP ﬂuorescence in a fosGFP transgenic mouse (∗). (C) An example Sr-EPSC
trace (∗ indicates individual Sr-EPSC event). Scale: 10pA, 50ms. (D) Scatter
plot of individual Sr-EPSC amplitudes before and after Sr-depression
induction, in a SWE-treated animal. Inset: average traces of Sr-EPSCs before
(left) and after (right) Sr-depression induction. Scale bar: 5pA, 5ms. Bottom:
electrode series resistance from the same cell, which does not change
between baseline vs. post-pairing window. (E) Sr-EPSC event frequency does
not change after Sr-depression induction. (F) Mean change in Sr-EPSC
amplitude normalized to the baseline period, for the eight cells that showed
signiﬁcant Sr-depression. (G) Comparison of Sr-EPSC amplitude between
pre- (ﬁlled circle, green) and post-pairing window (open circle, green) for
individual cells. Cells were rank ordered according to their mean amplitude of
the baseline responses. Mean ± sem is plotted for each cell. ∗p < 0.05 by
Mann–Whitney U-test. (H) Cumulative distribution histogram of Sr-EPSC
amplitude before (solid line) and after (dotted line) pairing at −20mV with
presynaptic stimulation (n = 10 cells).
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FIGURE 2 | Layer 4-2/3 synapses from control animals did not exhibit
Sr-depression. (A) Schematics of a control animal (top) and electrode
conﬁguration (bottom). (B) Example scatter plot of individual Sr-EPSC
amplitudes from a control cell using the same pairing protocol. Inset:
average traces, before and after pairing. Scale: 5pA, 5ms. (C) Sr-EPSC
event frequency does not change after pairing in Sr++. (D) Mean
change in Sr-EPSC amplitude normalized to the baseline period
before and after pairing in control animals. (E) Within-cell comparison
of Sr-EPSC amplitude between pre- (ﬁlled circle, black) and post-depression
induction (open circle, black). Cells were rank ordered according to
their mean amplitude of the baseline responses. (F) Cumulative
distribution histogram of Sr-EPSC amplitude before (solid line) and
after (dotted line) pairing at −20mV with presynaptic stimulation
(n = 7 cells).
As a second method to quantify the contribution of CP-
AMP ARsatlay er4-2/3inputs,weusedPhTxorasyntheticanalog
of the CP-AMPAR antagonist Joro spider toxin, NASPM; (Koike
et al., 1997)t ob l o c kC P - A M P A R s( Figure4C). Although layer
4-2/3 inputs from SWE animals show signiﬁcant rectiﬁcation
compared to age-matched controls, the PhTx/NASPM-sensitive
current was not signiﬁcantly different between the two groups
(Figure4D, reduction in EPSC amplitude for control 0.11 ±
0.09 n = 7v s .S W E0 .24 ± 0.12 n = 7, p = 0.32 by Mann–
Whitney U-test), likely due to large variability in magnitude of
NASPM-sensitive current across cells in both control and SWE
conditions. This is in contrast to previously published results
showingminimalJorospidertoxinblockatlayer4-2/3synapsesin
control animals (Clem and Barth, 2006), which were not focused
on the speciﬁc developmental age (P13) tested here. It is notable
that a subset of cells in control animals showed strong rectiﬁca-
tion (5/14 cells show RI less than0.55)and NASPMblockade(3/7
control cells showed >15% block), despite the fact that we could
not induce Sr-depression in cells from this group.
CP-AMPAR BLOCKADE RESULTS IN A SMALL DECREASE IN Sr-EPSC
AMPLITUDE
To determine whether we could detect a contribution of CP-
AMPARs in Sr-EPSC amplitude, we determined the effect of
NASPM on layer 4-evoked Sr-EPSCs from SWE-treated animals.
We predicted that if there were a small number of CP-AMPARs at
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FIGURE 3 | Sr-depression in SWE-treated animals requires NMDAR
activation. (A) Within-cell comparison between pre- (ﬁlled) and post-pairing
(open) windows in the presence of D-APV. (B) Cumulative distribution
histogram of Sr-EPSC amplitude before (solid line) and after (dotted line)
pairing at −20mV with presynaptic stimulation in D-APV (n = 5 cells).
(C) Within-cell comparison between pre- (ﬁlled) and post- responses (open)
by pairing post-synaptic depolarization to −40mV with presynaptic
stimulation. ∗p < 0.05 by Mann–Whitney U-test. (D) Cumulative distribution
histogram of Sr-EPSC amplitude before (solid line) and after (dotted line)
pairing at −40mV with presynaptic stimulation (n = 6 cells).
individual layer 4-2/3 synapses, NASPM blockade should reduce
themeanamplitudeoftheseevents.Acomparisonacrosscellsfrom
SWE-treated animals showed that mean Sr-EPSC amplitude was
11.62 ± 0.5pA(n = 19), comparedto theamplitudeofSr-EPSCs
in NASPM at 10.65 ± 0.34pA (n = 17), a difference that was not
signiﬁcant (Figure 5A, p = 0.099 by Mann–Whitney U-test). Sr-
EPSC amplitude before and after NASPM application within the
same cell was compared for a smaller group of neurons. NASPM
did not consistently decrease event amplitude (Figures 5B,C;
mean EPSC amplitude before drug application, 11.94 ± 0.4pA
vs. after 10.95 ± 0.9pA,n = 4, p = 0.43 by paired t-test).
Because CP-AMPARs, speciﬁcally those that are homomeric
for GluA1, have been shown to have moderately faster decay
kinetics than GluA1-GluA2heteromers or GluA2homomers (Oh
and Derkach, 2005), we also examined whether NASPM would
slow the decay constant of the Sr-EPSC. There was no signif-
icant reduction in decay kinetics in the presence of NAPSM
when compared across all cells (P13 SWE Sr-EPSC 3.27 ±
0.09ms, n = 17 vs. in NAPSM 3.19 ± 0.08ms, n = 15, p = 0.31
by Mann–Whitney U-test) and also when compared before and
after drug application in the same cell (before 3.12 ± 0.16ms
vs. after 2.94 ± 0.19ms, n = 4, p = 0.19 by Mann–Whitney
U-test). Although this difference might become signiﬁcant with
a larger sample size, the lack of a pronounced effect suggests
that decay kinetics of the Sr-EPSC is not a reliable indicator
for CP-AMPARs.
If there were some synapses that contained primarily CP-
AMPARs, NASPM application might reduce the apparent fre-
quency of layer 4-triggered Sr-EPSCs without inﬂuencing the
mean amplitude of events. Such a scenario might explain why
the multi-quantal EPSC amplitude might be reduced by antag-
onist application, but the single-quantal response would not be
markedly affected. However, a comparison of event frequency
before and after NASPM application showed that event fre-
quency was signiﬁcantly increased (Figure5D,b a s e l i n e3 .96 ±
0.21Hz vs. post-drug 4.73 ± 0.40Hz, n = 4 cells), even when
the mean amplitude of the Sr-EPSC was signiﬁcantly reduced
(Figure5B, bottom panel). This increase in frequency suggests
that NASPM might have some presynaptic targets that normally
suppress presynaptic neurotransmitter release. Thus, we ascribe
the lack of statistical signiﬁcance for NASPM-blockade of mul-
tiquantal EPSCs between control and SWE layer 4-2/3 synapses
(Figure4D) to large cell-to-cell, not simply synapse-to-synapse,
heterogeneity in the distribution of CP-AMPARs.
NASPM EFFECTIVELY BLOCKS CP-AMPARs
AcriticalassumptionbehindusingNASPMto blockCP-AMPARs
is that this compound is sufﬁcient to fully block these receptors
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under our recording conditions. To verify that this was indeed
the case, the RI was determined before and after drug application
in the same cell. If NAPSM is sufﬁcient to eliminate the contri-
bution of rectifying AMPARs, the RI should become linear after
drug application. This is indeed what was observed in pharma-
cologically isolated AMPAR-EPSCs (Figure6). Cells were divided
into two groups (rectifying vs. non-rectifying), based upon their
RI values. Cells with a rectifying I–V showed a 23 ± 8% (n = 5)
block in peak AMPAR-EPSC amplitude, compared to cells with
al i n e a rI – Vw i t ha3 .5 ± 5% (n = 5) block. As expected, block-
ade of CP-AMPARs made the I–V more linear (Figures6C,D,p r e
RI 0.4 ± 0.07 vs. post RI 0.59 ± 0.03, n = 5, p < 0.05 by paired
t-test). Taken together, these data indicate that NASPM applica-
tion is sufﬁcientto eliminate rectiﬁcation, mostlikelythrough the
selective blockade of CP-AMPARs.
Sr-DEPRESSION DOES NOT REQUIRE CP-AMPARs
If synaptic lability at recently potentiated synapses is medi-
ated by the removal of CP-AMPARs, we should expect that
when CP-AMPARs are blocked, Sr-depression can no longer
occur. To test this hypothesis, NASPM was bath applied to slices
from SWE-treated animals, and Sr-depression was induced by
post-synaptic depolarization. Because this antagonist is an open-
channel blocker, care was taken to bath apply the drug with
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afferent stimulation for at least 15min prior to pairing. In half
the cells (4/9), a signiﬁcant depolarization-induced reduction
in Sr-EPSC amplitude was observed (Figures 7A,B), indicating
that in these cells reduced current through CP-AMPARs was
not required for depression. The magnitude of depression in
cells that showed a signiﬁcant depolarization-induced change in
Sr-EPSC amplitude was identical to that which we character-
ized earlier, ∼20% (Figures7B and 1G,1 6± 3%, n = 4). The
cumulative distribution of Sr-EPSC amplitude was also shifted
after the pairing protocol in NASPM (Figure7C, p < 0.001 by
Kolmogorov–Smirnovtest). Overall,these ﬁndings areincompat-
ible with an obligatory role for CP-AMPARs, either for induction
or expression, in Sr-depression.
We also evaluated the decay kinetics of the post-pairing Sr-
EPSC. If fast-decay CP-AMPARs are removed by this pairing
protocol, it was reasonable to hypothesize that there might be an
increase in the decay time constant. However, the lack of signif-
icant change after NAPSM application suggested we might not
be able to detect a small change in decay kinetics. A compari-
son of the baseline and post-pairing decay time constant of the
S r - E P S Cr e v e a l e dt h a tt h ed e c a yt i m ec o n s t a n tw a sn o ts l o w e r
after Sr-depression (3.86 ± 0.09 vs. 3.27 ± 0.16 for baseline vs.
post-pairing window, n = 8 cells, p = 0.52 by Mann–Whitney
U-test).Thesedataareinconsistentwiththeremovaloffast-decay
CP-AMPARs during Sr-depression.
RECTIFICATION IS NOT CORRELATED WITH Sr-DEPRESSION
If CP-AMPARs are important for Sr-depression, either for its
induction, or because they are selectively removed, then cells with
more rectifying AMPAR-EPSCs should show greater depression.
This was not the case (Figure8). The amount of Sr-depression
was uncorrelated with the cell’s RI, when RI measurements in a
Ca++ b a s e dA C S Fw e r em a d eb e f o r eS r ++ wash-in and depo-
larization (Figure8A, p = 0.53; rectifying cells, RI 0.45 ± 0.03,
magnitude of depression 21 ± 4% vs. non-rectifying cells, RI
0.70 ± 0.05, magnitudeof depression23 ± 3%, n = 4 cells each).
Cells that showed a linear I–V (Figure8B, RI 0.59) or a rectifying
I–V (Figure8C, RI 0.53) showed similar depression.
In a subset of cells, the RI was determined in a Ca++ based
ACSF both before and after Sr-depression. In these cells, we
noted that the RI became more linear (Figure8E,p r eR I0 .45 ±
0.03 vs. post 0.66 ± 0.02, n = 4, p < 0.05 by paired t-test),
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suggesting that when present, CP-AMPARs might be removed
during depression. Thus, CP-AMPARs can be removed during,
but their presence is not required for, Sr-depression.
Sr-DEPRESSION IS ABSENT AT OLDER DEVELOPMENTAL AGES
SWE-inducedincreasedinthe strength oflayer4-2/3synapsescan
be observed at least until P14, although the contribution of CP-
AMPARs to SWE-induced potentiation appears minimal at this
time. The RI is identical for SWE atP14 compared to control cells
(control RI 0.64 ± 0.59 n = 11 vs. SWE 0.59 ± 0.13 n = 4, see
also Wen and Barth, 2011), and NASPM showed a small effect
on reducing the amplitude of the multiquantal EPSC (Figure9A,
control −8 ± 12% n = 6v s .S W E−14 ± 11%, n = 4). At this
age, Sr-depression in the spared whisker barrel column could
not be induced in any cell (Figure9C, 0/6 cells, p value range
0.49–0.70 baseline vs. post-pairing window by paired t-test).
The cumulative distribution of Sr-EPSC amplitudes were not
different between pre- and post-pairing window (Figure9D, p =
0.936). The amplitude of SWE-induced synaptic strengthening
was comparable between the two ages [Figure9B, P13 11.62 ±
0.48pA, n = 19 cells vs. P14 11.24 ± 0.49pA, n = 8 cells, p =
0.94 by Mann–Whitney U-test; see also (Wen and Barth, 2011)],
suggesting thatpre-pairingresponseamplitudewasnotafactorin
the induction ofSr-depression.These datasuggestthe presence of
a critical period for Sr-depression which concludes at the end of
the second postnatal week.
DISCUSSION
CP-AMPARs have been observed at synapses across the CNS
and can be mobilized in response to activity. Despite this, it has
been controversial what the role of this special AMPAR subtype
might be. Because the vast majority of AMPARs are CI-AMPARs,
and CP-AMPARs appear to be tightly regulated, it has been
tempting to speculate that these receptors might serve some spe-
cial function. For example, the calcium-permeability of these
receptors might allow activation of signal transduction cascades
that normally require NMDARs in mediating synaptic plasticity
(Burnashev et al., 1996; Mahantyand Sah, 1998; Biou et al., 2008;
Wiltgen et al., 2010).
Studies presented here were designed to evaluate the speciﬁc
hypothesis that the presence of newly trafﬁcked CP-AMPARs
might confer a capacity for synaptic depression, possibly akin to
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the process of depotentiation that has been well-studied in other
systems (O’Dell and Kandel, 1994; Kim et al., 2007). Previous
work has shown that after SWE-initiated plasticity, potentiated
layer 4-2/3 synapses exhibit pronounced an NMDAR-dependent
depression (Clem et al., 2008). Thus, although NMDARs are
required to initiate potentiation at the onset of SWE, subsequent
NMDAR activation triggers synaptic depression. We have devel-
oped a novel in vitro method, Sr-depression that recapitulates
essential features of this depression, and tested the hypothesis
thatitproceeds viatheactivationand/orremovalofCP-AMPARs.
Ourﬁndings suggestthatCP-AMPARsarenotessentialforsynap-
tic depression at synapses that have been recently potentiated by
sensory experience.
CP-AMPARs ARE NOT ASSOCIATED WITH Sr-DEPRESSION AT
LAYER 4-2/3 SYNAPSES
Our conclusions are based upon the following ﬁndings from this
study and others. First, blockade of CP-AMPARs by NASPM
was not sufﬁcient to abolish Sr-depression, indicating that
reduced current via CP-AMPARS, either because of their synap-
tic removal or decreased conductance, is not necessary for this
phenomenon.Sr-depressioncouldbeinducedincellsthatexpress
only CI-AMPARs, or express some CP-AMPARs, and the amount
of Sr-depression was comparablebetween the two groups of cells.
Layer 4-2/3 synapses are still labile, even when CP-AMPARs have
been pharmacologically blocked. Second, although a subset of
neurons from control animals showed rectifying AMPAR EPSCs
(4/14 cells showed an RI < 0.5) and substantial NASPM sen-
sitivity [4/13 showed >15% EPSC block by NASPM; see also
(Kumar et al., 2002)], we never observed Sr-depression at layer 4-
2/3synapsesfromcontrolanimals.IfthepresenceofCP-AMPARs
was sufﬁcient to confer a capacity for Sr-depression, we would
expect to see this phenomenon at least occasionally in control
tissue. Additionally, not all cells that express CP-AMPARs in
SWE-treated animals exhibited Sr-depression (1/5 cells did not
show Sr-depression).This dissociation between the absence ofSr-
depression and the presence of CP-AMPARs was also observed
at a slightly later developmental age (P14), where layer 4-2/3
inputs still display some NASPM sensitivity (in the current anal-
ysis, 3/4 cells show a > 15% EPSC block by NASPM), but no
Sr-depression.
The presence of Sr-depression during NASPM blockade in a
subset of cells indicates not only that depression is not mediated
by the removal of CP-AMPARs, but also that CP-AMPARs are
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pre- and post-Sr-depression from the same cell as in (C).S c a l eb a r s :5p A ,
5ms. Bottom: AMPA-EPSC at −70, 0, and +40mV before (pre) and after
(post) Sr-depression from the same cell. Scale bars: 50pA, 10ms (pre) and
10pA, 10ms (post). (E) RI in rectifying cells signiﬁcantly increases after
Sr-depression (pre, ﬁlled; post, open). ∗p < 0.05 by paired t-test.
not required to initiate Sr-depression. Because CP-AMPARs can
ﬂux some Ca++ (Burnashev et al., 1996), it has been proposed
that they might serve as a novel source for Ca++ entry to regu-
late plasticity under some conditions. However, we note that the
conditions where Ca-entry via CP-AMPARs is required for the
trafﬁcking of AMPARs in excitatory neurons may be exceptional,
such as in GluR2/B deﬁcient animals (Biou et al., 2008; Wiltgen
et al., 2010). Thus, at layer 4-2/3 synapses, CP-AMPARs may
not be essential either for the induction or the expression of Sr-
depression. Interestingly, although CP-AMPARs are not required
for Sr-depression, we observed that they could be removed dur-
ing Sr-depression (after Sr-depression, the AMPAR-EPSC shifted
from rectifying to linear in 4/4 cells), indicating that these recep-
tors can be mobilized during this form of depression. NAPSM
application modestly reduced the fraction of cells showing Sr-
depression, from 80% of the cells to 50% of cells that showed a
pairing induced reduction in Sr-EPSC amplitude, suggesting that
CP-AMPARs might play some role in the initiation or expression
of Sr-depression at a subset of synapses.
CP-AMPARs AND POTENTIATION
Are CP-AMPARs required for experience-dependent potentia-
tion at neocortical synapses? Our previous studies showed that
AMPARs became rectifying after LTP in vitro and also after SWE
in vivo, suggesting that these receptors were acutely trafﬁcked to
and could be maintained at potentiated synapses (Clem et al.,
2008). However, SWE triggers plasticity at layer 2/3–2/3 synapses
where CP-AMPARs are not detectable (Wen and Barth, 2011),
and in PICK-1 knock-out animals, SWE still potentiates layer
4-2/3 inputs without adding CP-AMPARS (Clem et al., 2010).
Finally, we note that a capacity for further synaptic potentiation
in vitro, after the onset of SWE-induced synaptic strengthening,
does not require CP-AMPARs, since pharmacologicalblockadeof
CP-AMPARSdoesnotimpairLTPaftertheonsetofSWE-induced
strengthening (Clem et al., 2008). Taken together, these data
indicate that CP-AMPARs are not broadly required for synaptic
potentiation at neocortical synapses.
ESTIMATING THE CONTRIBUTION OF CP-AMPARs TO THE EPSC
As in other studies, both pharmacological and electrophysio-
logical methods were used here to ascertain the presence of
CP-AMPARs. Our results suggest that antagonists that have been
used as speciﬁc blockers of CP-AMPARs may have some unan-
ticipated effects on EPSCs. For example, in a number of cases
we observed an increase in the multiquantal EPSC amplitude
after NAPSM application(an increaseof 5–40%in approximately
one third of all cells), suggesting that a NASPM-sensitive recep-
tor might normally reduce presynaptic release probability. Since
these experiments were carried out in the presence of D-APV,
it is unlikely that NASPM block of presynaptic NMDARS that
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FIGURE 9 | Sr-depression was not observed at later developmental ages.
(A) Fraction NASPM/PhTx sensitive current in P14 control and SWE-treated
animals. (B) Comparison of Sr-EPSC amplitude of the pre-pairing window
between P13 and P14 SWE-treated animals. (C) Within-cell comparison of
Sr-EPSC amplitude between pre- and post-pairing window in all P14
SWE-treated cells. (D) Cumulative distribution histogram of Sr-EPSC
amplitude before (solid line) and after (dotted line) pairing at −20mV with
presynaptic stimulation (n = 6 cells).
have been hypothesized to exist at this synapses (Bender et al.,
2006; Banerjee et al., 2009) are responsible for this effect. NASPM
has been shown to block kainate receptors (Sun et al., 2009),
and presynaptic kainate receptors have been described at thala-
mocortical synapses in somatosensory cortex (Kidd et al., 2002).
Thus, we hypothesize that presynaptic kainate receptors may be
present at layer 4-2/3 synapses. Although investigating the effects
of polyamine antagonists onrelease probabilitywasnot a focus of
the current work, further investigations into this effect may be of
interest.
These NASPM effects complicate the interpretation of ours
and others’ results, since an increase in release probability would
lead to an apparentincrease in the amplitude of the post-synaptic
EPSC and underestimation of the contribution of post-synaptic
CP-AMPARs. However, ourelectrophysiological analysisshowing
rectiﬁcation of the AMPAR-EPSC is consistent with the presence
of these receptors at layer 4-2/3 synapses under some conditions.
Sr-DEPRESSION: A NEW EXPERIMENTAL APPROACH TO STUDY
SYNAPTIC PLASTICITY IN VITRO
Our ﬁnding that we can induce depression of the quantal EPSC
amplitude in a Sr-ACSF solution is provocative. This method
offers the advantage of precisely evaluating how post-synaptic
depolarization inﬂuences both the frequency and the amplitude
of EPSCs at individual synaptic contacts onto a cell. Consistent
with a post-synaptic locus for depression, we ﬁnd EPSC ampli-
tudes at layer 4-2/3 synapses are decreased without any change in
event frequency. On average, a 20% reduction in Sr-EPSC ampli-
tude was observed. The magnitude of the depression appears
modest, but we note that a 20% reduction in Sr-EPSC ampli-
tude normalizes SWE-induced increases back to control levels.
Although a role for presynaptic NMDARs in depression of layer
4-2/3 excitatory synapses has been proposed (Bender et al., 2006;
Banerjee et al., 2009), it is important to note that the effects
characterized here are likely post-synaptic in origin.
The protocol developed here to elicit synaptic depression in
the presence of Sr++ i sn o v e l ,a n dw eh a v eu s e di tt op r o b et h e
mechanisms that underlie synaptic lability at recently potenti-
ated synapses. How long does this synaptic depression persist
after pairing? The post-pairing period analyzed here was admit-
tedly short (5min), and future experiments will be required
to determine the duration of this effect. Although our data
suggest that removal of CP-AMPARs can sometimes occur dur-
ing Sr-depression, depression may also result from the removal
of CI-AMPARs or activation of intracellular signaling cascades
to reduce channel conductance. Thus, there may be several
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different mechanisms that underlie Sr-depression. Alternatively,
Sr-depression might occur via a common mechanism involving
GluR1, a subunit that could be found in both rectifying and
non-rectifying AMPARs. In addition, we note that some forms of
LTD might speciﬁcally target the removal of CP-AMPARs; there
are likely to be diverse processes that regulate synaptic depres-
sion across the CNS. However, the relative simplicity of this assay
should facilitate its use in other experimental preparations.
The mechanism by which Sr++ triggers vesicle fusion at
the presynaptic terminal has been studied (Goda and Stevens,
1994; Xu-Friedman and Regehr, 1999), but a role for this ion
in activating post-synaptic signaling cascades has not been eval-
u a t e d .B e c a u s ei ti si m p o s s i b l et or e m o v ea l lC a ++ from our
bath solution (even without addition of Ca++,f r e eC a ++ may
be in the low micromolar range), we cannot determine whether
Sr++ is acting on normally Ca++-dependent signaling cascades,
or whether residual Ca++ in the ACSF is sufﬁcient to do this.
NMDARs are permeable to Sr++ (Mayer and Westbrook, 1987),
and thus, it is possible that depolarization leads to inﬂux of
this ion to activate post-synaptic signaling cascades for depres-
sion. A more detailed investigation into this phenomenon is
warranted.
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